Objective: In an effort to address earliest detection of mild cognitive impairment (MCI), we examined hippocampal volumes and atrophy in middle-aged men to explore neuroanatomical support for different neuropsychological definitions of MCI. Methods: 460 men aged 51e60 years underwent neuropsychological testing and MRI. MCI was defined according to five criteria sets. MRI-derived hippocampal volume and hippocampal occupancy (HOC) were obtained via FreeSurfer. Statistical analyses were performed using linear mixed models. Results: Differences in HOC between normal cognitive functioning, amnestic, and non-amnestic MCI were observed using MCI criteria that required one impaired (>1.5 SD) cognitive measure in a given cognitive domain or a cognitive composite score method with a cut-point 2 SD below the mean. Differences in standard hippocampal volume were only found between normal and amnestic presentations and only when using the composite score method. Conclusion: Results provide empirical support for detection of pre-MCI in younger cohorts. Convergence of neuropsychological and neuroanatomical data, particularly HOC (as opposed to standard cross-sectional volume), supports early identification of MCI as defined by some neuropsychological criteria. (Am J Geriatr Psychiatry 2015; 23:456e465) 
M
ild cognitive impairment (MCI) is a known risk factor for progression to dementia. Early identification of MCI is essential for early intervention given that subtle cognitive and pathophysiological changes precede decline by many years. 1e4 Despite great interest in the earliest identification of risk factors for cognitive decline, most research on MCI and dementia has focused on individuals over age 65 years 5, 6 with relatively few reports in the literature targeting younger cohorts. 7e10 To find "transition points" in which someone moves from asymptomatic to symptomatic, particularly in a slowly progressive but often unstable disorder such as MCI, understanding the full longitudinal course of cognitive functioning is essential for tracking clinical progression and for identifying the earliest reasonable point for intervention.
Cognitive impairment is a key feature of MCI and current guidelines recommend that objective cognitive impairment is 1e1.5 standard deviations below normative expectations. 11 Evolving definitions of MCI 12e16 and lack of a universally accepted approach to the objective identification of cognitive impairment in MCI 17 have led to highly variable prevalence rates, and complicate the earliest identification of MCI. 18 As in older cohorts, the prevalence of MCI in younger cohorts varies widely (from 2.4%e13.7%) depending on how MCI is operationally defined.
19e21
Hippocampal atrophy is one of the earliest neuropathological changes associated with MCI, and is predictive of further cognitive decline, particularly in amnestic presentations. 16, 22, 23 Medial temporal lobe changes also significantly improve our ability to distinguish normal aging from MCI, 24 MCI from Alzheimer disease, 25 and prediction of future decline. 26 Therefore, with the goal of early detection, we sought to evaluate potential neuroanatomical support (based on hippocampal volume and atrophy estimates) for five different and common sets of neuropsychological criteria for cognitive impairment in MCI in a large cohort of men in their fifties. Our early identification of a cognitive presentation consistent with MCI uses a neuropsychological categorization that differs somewhat from criteria that rely more heavily on standard clinical interviewing and history-taking to diagnose MCI. 11, 15 Given the difficulty in early identification of MCI, particularly in younger cohorts, our approach, which emphasizes comprehensive neuropsychological testing, may be better able to identify cognitive deficits consistent with MCI in adults who are only middle-aged.
METHODS Participants
Participants were enrolled in the magnetic resonance imaging (MRI) arm of the Vietnam Era Twin Study of Aging (VETSA), a longitudinal study of cognitive and brain health beginning in midlife (for an overview, see Kremen et al. 2006) . 27 The VETSA MRI study began in year 3 of the primary VETSA project; approximately 90% of those contacted agreed to participate, though ultimately, not all were appropriate to participate in the MRI study due to safety considerations or concerns about claustrophobia. Participants underwent assessments including comprehensive neuropsychological testing and neuroimaging at the University of California, San Diego, or Boston University. The study was approved by human subjects protection committees at both participating institutions and all participants provided written informed consent. Exclusion criteria included conditions that can result in noneMCI-related cognitive deficits including seizure disorder, multiple sclerosis, stroke, HIV/ AIDS, schizophrenia, substance dependence, brain cancer, or dementia. Because only 10.75% of the sample endorsed the possibility of a history of traumatic brain injury with loss of consciousness and none were hospitalized for the incident, no one was excluded for history of severe traumatic brain injury. Following exclusions, the present study was based on data from 460 participants. Mean age was 55.7 years (SD: 2.5, range: 51e60) and the mean years of education was 13.8 (SD: 2.2). All participants were functionally intact as determined by their ability to travel independently (usually flying) to the test sites for evaluations.
MCI Criteria
Participants underwent comprehensive neuropsychological testing. For purposes of defining MCI, six cognitive domains each containing multiple neuropsychological measures were covered. Domains included verbal and visual episodic memory, executive functioning, attention/working memory, language, visuospatial functioning, and processing speed (see Table 1 ). The neuropsychological test battery was designed to cover a range of cognitive functions and avoid ceiling effects in a communitydwelling, middle-aged sample. Because there are no specific agreed-upon operational criteria for defining what constitutes objective cognitive impairment in MCI, we utilized five different operational definitions drawn from the MCI literature that used different cut-points for impairment, varied the number of tests that needed to be impaired, or used cognitive domain composite scores. 29, 30 Following from Jak et al., we defined impairment according to three sets of criteria determined by the number of measures below a particular cut-point within a cognitive domain. 30 The "typical criteria"
were defined on the basis of one measure in a domain being greater than 1.5 standard deviations below the mean; it is called "typical" because it is the most common criterion for impairment, consistent with that used by Petersen. 14 The "comprehensive criteria"
were developed to better approximate a clinical decision-making processes and because the interpretive value of an isolated impaired score is often limited. The comprehensive criteria utilized a less stringent cut-point of 1 standard deviation, but at least two measures greater than 1 standard deviation below normative expectations within a domain were required for that domain to be considered impaired.
To examine a two test per domain analog of the typical criteria, the "conservative criteria" required at least two measures in a domain to be impaired at a cut-point of greater than 1.5 standard deviations below the mean. 30 A one test per domain analog of the comprehensive criteria has been explored in other samples and results in approximately 75% of the sample being classified as MCI and likely represents a high proportion of false-positive diagnoses, 30 and was therefore not examined here. Composite scores were also created based on an approach by Ganguli et al., in which standard scores (based on published norms for each test) on each measure are transformed into z-scores, and then z-scores are averaged within cognitive domains to create composite scores. 29 The standard deviation of the average of a set of z-scores will actually be less than 1 and so it is incorrect to interpret a composite z-score of À1 as equating to performance that is 1 standard deviation below the mean. To address this problem, we examined cut-points at the 5th ("composite 5") and 2.5th ("composite 2.5") percentiles, which correspond roughly to 1.65 and 2 standard deviations below the mean. Detailed explanation of these different criteria, and their prevalence rates and heritabilities in the VETSA, have been reported elsewhere. 31 Participants were characterized according to these five criteria sets (for a summary, see Table 2 ) to classify individuals as cognitively normal or MCI. Current conceptualization of MCI 11 highlights assessment of cognitive impairment in one or more domains and emphasizes that those with impairments in memory have higher progression rates to Alzheimer disease than those without memory deficits. Past research has also noted differential diagnostic outcomes for amnestic versus non-amnestic presentations and single cognitive domain presentations versus multiple domains. 32e36 Therefore, MCI was further subtyped as amnestic (met criteria for impairment in memory), non-amnestic (met criteria for impairment only in non-memory cognitive domains), single-domain (met criteria for impairment in only one cognitive domain), and multiple-domain MCI (met criteria for impairment in more than one cognitive domain).
29,30
Prior Level of Cognitive Function
We had the benefit of the availability of the Armed Forces Qualification Test (AFQT) on all participants. The AFQT is 50-minute paper and pencil measure that is administered to all service members prior to military induction as an initial screen for military selection and included measures of word knowledge, arithmetic reasoning, spatial perception, and tool recognition. The AFQT score is highly correlated with standard IQ measures. 37 Initial AFQT scores (mean age: 19.8 years; SD: 1.5) were obtained from military records and the AFQT was administered again as part of the current study. We were, therefore, able to use AFQT scores to adjust for an empirically derived level of prior general cognitive ability and ensure that our MCI diagnoses were not simply a proxy for low overall cognitive ability and that the classifications represented a decline from prior levels of functioning. Therefore, any cognitive impairments existed after adjusting for an individual's overall cognitive ability at age 20 years. That is, scoring below the cutoffs listed here means that scores fell below that level following adjustment for AFQT performance at age 20. 31 Because test scores were adjusted for premorbid intellectual functioning and scores could therefore not be compared to standard normative tables, we used the VETSA sample as the normative sample rather than age-and education-based norms from test manuals.
Imaging Methods
MRI images were acquired on Siemens 1. as a way to cross-sectionally estimate hippocampal atrophy. 44 Standard hippocampal volume measurements are adjusted for intracranial volume or overall head size whereas hippocampal occupancy is a measure of the process of expansion of the ventricles resultant from cortical atrophy, since hippocampal volume is adjusted for the sum of the hippocampal and temporal horn area. In a prior examination of HOC's ability to predict conversion from MCI to Alzheimer disease in the Alzheimer Disease Neuroimaging Initiative (ADNI), it was shown to perform better (in both discriminative and predictive accuracy) than standard hippocampal volume measure, 44 possibly because it is better able to differentiate those with premorbidly small hippocampi from those whose hippocampi have atrophied due to degeneration.
Statistical Analysis
Data were collected as part of a twin study, although the analyses performed here were not twin analyses. That is, we did not use the twin structure of the data to estimate genetic and environmental influences. When twin data are used to estimate genetic and environmental influences, the unit of analysis is the twin pair. Here the unit of analysis was each individual. Because twins within pairs violates the standard assumption that observations are independent, data were analyzed using a multilevel, mixed linear model (SAS Proc Mixed, SAS version 9.2), which allows for utilization of all available data and adjustment for non-independence of observations (i.e., clustering of twin pairs). No adjustment was made for zygosity, and hippocampal volumes did not differ between monozygotic and dizygotic groups.
Analyses examined the effects of amnestic versus non-amnestic and single versus multiple domain MCI on bilateral HCV and on bilateral HOC. To account for the non-normal distribution of the HOC, this variable was log-transformed in all analyses. The 
RESULTS

HOC in Amnestic Versus Non-Amnestic MCI
Prevalence rates of MCI varied widely according to the operational criteria applied and have been reported in detail previously 31 but are summarized in Table 3 and Fig. 1 ).
Standard HCV in Amnestic Versus Non-Amnestic MCI
An examination of standard bilateral hippocampal volume revealed a significant group effect only for the composite 2.5 definition (F (2, Table 3 ).
HOC in Single Versus Multi-domain MCI
The sample was also categorized irrespective of memory; MCI was examined based on comparisons of cognitively normal, single domain MCI, and multiple domain MCI. Using this framework, when HOC was used, there was no group effect of HOC for the comprehensive, typical, conservative, or composite 2.5 or composite 5 definitions (all p's >0.05). Standard Hippocampal Volume in Single Versus Multi-Domain MCI When standard hippocampal volume measurement was used, no differences in bilateral hippocampal volumes were found for any MCI definitions (all p's >0.10; see Table 4 ).
Analyses were also conducted adjusting for cardiovascular disease, depression, and apolipoprotein E Ɛ4 allele but this did not substantially alter results.
CONCLUSION
In this middle-aged cohort, the typical and composite 2.5 neuropsychological definitions of MCI and use of hippocampal occupancy measures resulted in the best correspondence of MCI to expected neuroanatomical results. Using the typical or composite 2.5 definitions, HOC was significantly reduced in the amnestic MCI group as compared with the cognitively normal group. Use of the typical definition also resulted in significant differences in HOC between amnestic and non-amnestic MCI participants. The composite 2.5 MCI definition was the only one that resulted in significant differences in HCV between the normal and non-amnestic groups.
The alignment of these neuroanatomical measures with MCI characterization when using the typical or composite 2.5 definitions is noteworthy. Previously, the comprehensive criteria have been found to be an effective and stable operational definition 30 and correlate with hippocampal volumes in older cohorts, 45 but this approach did not show the same level of effectiveness in this younger cohort. Although diagnostic grouping based on the typical or composite 2.5 definitions were not previously found to relate to hippocampal volumes in older adults, the current study suggests that these operational definitions have utility in a younger sample and may be useful in early identification of MCI. Because the composite 2.5 definition is more stringent, this approach may be capturing a smaller but higher-risk group of individuals with neuropsychological functioning approximately two standard deviations below expectations and measurably smaller hippocampal volumes, but is unlikely to have captured everyone at risk for poor cognitive outcomes over time.
The group differences in hippocampal occupancy suggest that amnestic MCI presentations are associated with medial temporal lobe neuropathological processes even in adults as young as their fifties and is consistent with the specificity of temporal lobe findings in older individuals with amnestic MCI. 46 The typical and composite 2.5 definitions did correspond to a neuroimaging biomarker for cognitive decline and are therefore likely useful for researchers seeking to identify individuals who may be at highest risk for poor cognitive outcomes, and thus for intervention. Huey and colleagues recently found that amnestic MCI was more likely to progress to dementia than were those whose cognitive profiles were predominantly dysexecutive in nature 47 and suggest that the strong relationship between amnestic cognitive presentations and corresponding neuroimaging marker found here would place this group at high risk for future decline. Hippocampal occupancy, which provides an estimate of degree of hippocampal atrophy (albeit based on a single scan), more readily distinguished MCI groups than did a standard hippocampal volume measurement, except in the most cognitively impaired groups. This is consistent with prior work which found that the apolipoprotein ε4 allele significantly impacts longitudinal change/decline in hippocampal volumes (volumetric atrophy) in older adults but may not differentiate on the basis of between-group variation in hippocampal volume measured only at one time point. 48 In general, HOC is a strong predictor of decline in MCI 49 and may hold more utility than a standard hippocampal volume measure, particularly in middle-aged adults. Some limitations in the current study should be mentioned. Neither subjective cognitive complaints nor informant reports were part of the MCI definitions; diagnostic classifications and results might have differed if such reports were included. Nevertheless, the use of subjective complaints is potentially of limited utility, particularly in a community-based sample or in samples, such as ours, that have an empirical measure of early adult cognitive functioning (AFQT). 34, 50 The hippocampus was the only neuroanatomical structure examined in the current study, and a more detailed examination of other neuroanatomy in relation to MCI diagnosis is certainly warranted, particularly to find corresponding neuroanatomical changes that more clearly distinguish normal cognition from non-amnestic presentations. Using an automated segmentation program is also a potential weakness of this study, but a necessity in a large sample. FreeSurfer may consistently overestimate hippocampal volume, as compared with manual outlining methods, 51 although FreeSurfer is also consistently empirically shown to provide high correspondence to manual outlining volumes with good testeretest reliability and good ability to detect group differences even though individual volume estimates from FreeSurfer may differ from manual outlining. 52 Magnetic resonance images were collected on two different Siemens 1.5 scanners. Although a number of prior studies have demonstrated differences and potential biases in image processing outcomes associated with scanner, field strength, and sequence used, 53, 54 many studies have demonstrated that pooling data to increase sample size can often increase power despite these differences, 55 particularly with the appropriate statistical modeling approach. 43 Importantly, the scanner is included as a covariate in these analyses, as a random effect, as supported by our findings in a previous comparison of statistical modeling of pooled MRI data. 43 Follow-up is in progress, but rates of progression to dementia are currently unknown. Therefore, the strategy with the most predictive utility or highest sensitivity or specificity cannot yet be confirmed. Clinical outcomes of participants with MCI should be a focus of continued investigation and future directions include longitudinal assessment of cognitive functioning, which may also hold more promise in identifying those at highest risk for progression to Alzheimer disease. 2 Additionally, because hippocampal atrophy is not specific to MCI or dementia, concurrent use of multiple biomarkers have been shown to improve diagnostic accuracy of early MCI, 56 as have more detailed examinations of hippocampal subfields; 57 such examinations in larger and younger samples are targets for future investigations. Strengths of the study include a comprehensive neuropsychological test battery that included cognitive domains that often are overlooked in the assessment of MCI (e.g., non-verbal memory, visuospatial ability, and processing speed), multiple measures in each domain, and tests selected specifically to avoid ceiling effects in a younger, community-based sample.
These factors likely increase the sensitivity to detect mild impairment in a relatively young cohort and reduce measurement error. Importantly, all results were adjusted for actual general cognitive ability at age 20, which increases confidence that the MCI classifications do not simply reflect lifelong low overall cognitive ability. Use of a community-based sample to inform diagnostic procedures is also valuable in identifying the best early detection strategies, particularly in a younger cohort, because few cases in this age range would be likely to present to memory clinics.
In summary, results provide empirical support for the ability to detect MCI in men as young as their fifties but highlight that neuropathological correlates differ as a function of altering operational criteria for MCI. The convergence of neuropsychological and neuropathological data, particularly imaging measures that allow an estimate of hippocampal atrophy (HOC) as opposed to standard cross-sectional volume (HCV), supports early identification of MCI. The intersection of neuropsychological and neuropathological data within the groups identified by the typical and composite 2.5 criteria offer support for the use of criteria that consider multiple neuropsychological tests in a cognitive domain (e.g., composite 2.5) or at a higher threshold for impairment if only one measure in a domain is used (typical), particularly when examining individuals under the age of 60 years. We found small to medium effect sizes that suggest it is possible to get meaningful predictors in a very young cohort. While meaningful, the strength of the predictors may be too small to be of diagnostic utility in isolation, although it would be unexpected for a single variable to completely differentiate MCI groups. The data nonetheless suggest that HOC and the identified MCI diagnostic criteria are promising contributors to future multivariable approaches to MCI identification.
These results also add to the literature providing empirical information regarding best operational definitions for what constitutes cognitive impairment in MCI, information that can be useful in better identifying MCI, particularly early in its course. Subtle cognitive changes have been shown to be detectable very early on in a pre-clinical dementia stage 2 develop dementia, they still likely represent a higher risk group given the presence of both mild cognitive deficits and evidence of hippocampal atrophy. The group identified here might be the target for future secondary prevention studies aimed at those with subtle impairments. These results contribute to our understanding of the earliest identification of MCI and hold clinical significance because delaying the onset of dementia even by 5 years can result in a substantial reduction in the overall number of dementia cases. 
